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Abstract: The “Beauce” limestone aquifer is contaminated by nitrate and pesticides mostly coming
from agricultural activities. In this region the vadose zone can extend to more than 20 m in depth,
appears to be highly heterogeneous and plays a significant role in the retention and/or release of
pollutants to aquifers and wells. In order to gain insight into contaminant transfer in the vadose zone,
tracer experiments were conducted in a pit, 4 meters wide, 1.6 meters deep, using (1) 30 L of brilliant
blue (BB) at a concentration of 6 g/L to map the preferential flow along the percolation profile and (2)
30 L of a Bromide solution at a concentration of 5 g/L to study the water dispersion. A lithological
description of the pit was carried out. BB mapping with depth was used to map the preferential flows.
The bromide breakthrough curves were monitored at 8 points, within the vadose zone profile using
suction caps.
The lithological description evidenced a highly heterogeneous limestone. At the soil interface, tracers
flowed through the different materials and delays were observed in the less permeable material. With
depth, BB spreading showed that flows concentrate in the more permeable material, bypassing the
poorly permeable ones. Thus after a few meters, only the highly permeable material drives the flows.
The two dispersion paths described here can be modeled by considering that the entire vadose zone
is represented by the high-permeability homogeneous material and that the initial boundary condition
is not a pulse but a pulse followed by a slow decrease in the concentration power law. This solution
made it possible to model the observed bromide tracer breakthrough curve and opens up interesting
perspectives for modeling the residence time distribution of nitrate at the watershed scale.
Keywords: Tracer tests; vadose zone; tailing; underground storage
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1. RESIDENCE TIME DISTRIBUTION IN GROUNDWATER AND BREAKTHROUGH TAILING
Groundwater management needs tools to model changes in water quality under various agricultural
practices, in order to compare the efficiency of agricultural policies in terms of groundwater resource
preservation. One of these methods is the Residence Time Distribution (RTD). Surface input of
contaminants from agricultural practices are linked to water quality changes at the outlet by a
probability distribution function that describes the amount of time a fluid element can spend in the
underground reservoir. After a pulse of mass M, the RTD is defined as:
𝐸(𝑡) =

𝑄(𝑡)𝐶(𝑡)
𝑀
3

−1

𝑡=∞

𝑤ℎ𝑒𝑟𝑒 ∫𝑡=0 𝐸(𝑡)𝑑𝑡 = 1 (Eq. 1)
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Here Q [L .T ] is the discharge flowing through the reservoir and C(t) the solute concentration [M.L ].
C(t) can be obtained by solving the advective-dispersive equation or by field tracer experiments. While
there are many analytical solutions to model the transport of a pulse of mass M, the best one will be
the one that fits the field measurements. By dividing the catchment of the drinking water borehole into
small plats, it is possible using GIS to compile several RTDs that describe the multiple flows arriving at
the drinking water borehole and to define a vulnerability map of the catchment in terms of contaminant
migration (Dedewanou et al., 2015).
However, on comparing field experiments with mathematical solutions, many authors noted that part
of breakthrough observed during dye-tracing recovery tests was delayed compared to the theoretical
one. This delay was named the breakthrough tailing curve (Massei et al., 2006). As a result, if the
tailing is not correctly described by the RTD function, the estimation of the underground retention time
of the contaminants will be underestimated. Modeling the tailing is an important issue for water quality
modeling at the drinking water supply.
Breakthrough tailing can originate from several processes. In karstic conduits, tailing is mostly driven
by hydrodynamic-controlled tailing effects (Massei et al., 2006), and can be influenced by flow
tortuosity (Joodi et al., 2010). In rivers, the tailing behavior of solutes is explained by the presence of
multiple path lengths coupled with very large variability in Darcy flow velocity, both occurring without
heterogeneity in sediment permeability (Cardenas, 2008). In soils, van Genuchten and Wierenga 1976
proposed the mobile immobile water model (MIM) to explain tailing effects (van Genuchten and
Wierenga, 1976; Philip, 1968; Van Genuchten and Wagenet, 1989; Simunek et al., 2003).
In view of the various physical explanations for breakthrough tailing, Labat and Mangin (2015)
proposed transfer functions with additional parameters to the usual velocity and dispersion to fit the
breakthrough curves. All this research assumes that internal properties drive the spreading of the
tailing and a few authors have evaluated the impact of the upper boundary conditions on spreading of
the tail. Cardenas (2008) suggested that the geomorphology of the surface caused tailing in the
residence time distribution, and showed that the complexity of the interface leads to an RTD that
follows a power law. The mathematical form of the power law in the RTD was taken up by many
authors, generating discussion of fractal phenomena in contaminant hydrology science (Gooseff et al.,
2003; Haggerty et al., 2002; Kirchner et al., 2000)
In the software generally used for RTD interpretation, the upper boundary condition is a Dirac function
or a pulse input (for example Gutierrez et al., 2013); sometimes an exponential decrease is proposed
to model retention at the interface (Simunek and Genuchten, 2008). Finally, to cover the overall
possibility of injection durations, some curves can be defined and are convoluted as a sum of short
pulses. The hypothesis proposed here is that the breakthrough tailing observed in some residence
time distributions can be explained by retention, described by a power law, located at the upper
boundary condition. Here, after observing tailing effects on an unsaturated flow in a limestone, and the
role of the infiltration conditions on contaminant retention, we propose a power law as a boundary
condition of a simple one-dimensional advection-dispersion analytic solution to describe the flow in the
highly heterogeneous medium. The reason for this choice and a comparison with RTD measured in
the field are presented below.
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2. FIELD EVIDENCE AND MODELING OF GROUNDWATER RESIDENCE TIME
DISTRIBUTION
The “Beauce” limestone aquifer (France) is the largest groundwater resource in France. The aquifer is
contaminated by nitrate and pesticides mostly coming from intensive agricultural activities. Pressure to
preserve the resources is strong and is complicated by the intensity of agricultural activities. In this
region the vadose zone can extend to more than 20 m in depth, appears to be highly heterogeneous
and plays a significant role in the retention and/or release of pollutants such as nitrate (Schnebelen et
al., 1999)
To investigate the residence time distribution of water in the vadose zone of the Beauce aquifer, tracer
tests were conducted in the upper part of the aquifer, just under the organic soil layer which has been
removed in a pit, 4 m wide, 1.6 m deep (Figure 1) located at La Saussaye close to the city of Chartres
(latitude 48.402 N, longitude 1.553 E). Water recharge was 0.14 L/h and was applied with automatic
sprinklers.
First, 30 L of a bromide solution at a concentration of about 5g/L was injected to study solute
dispersion in the limestone. The bromide tracer breakthrough curves were monitored at 8 outflowing
points (V1B, V2B, V3B, V4B, W1B, W2B, W3B, and W4B) located between 30 to 120 cm from the
tracer injection surface (40 cm below the initial soil surface). For each outflowing point, residence time
distributions were estimated using equation 1.
A second tracer experiment used 30 L of brilliant blue (BB) at a concentration of 6 g/L. BB colors the
rock through which the water flows, thus the preferential flows along the percolation profile can be
observed. The pit was then manually cut into four vertical profiles to determine the lithology. For each
vertical profile, an RGB-photo was taken and a lithological description was made. Image processing
(ratio canal red/canal green) was applied to picture the plume of brilliant blue 66 h after injection.
Areas filled by BB were converted into polygons using ArcGIS and compared with the lithological
description. The proportion of tracer-filled area at a given depth gives an image of the dispersion with
depth.

Sprinkler

Figure 1: Experimental design for tracer tests in the vadose zone of the Beauce limestone

The tracer breakthrough curve was analyzed with the TRAC software developed for tracer test
analysis (Gutierrez et al., 2013). This is a free software (http://trac.brgm.fr/) that convolutes the tracer
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breakthrough for boundary conditions via a sum of unitary pulses. The influence of the boundary
conditions was estimated by discretizing the proposed boundary condition functions into a sum of
pulses.
RESULTS
2.1 Observation of dye tracer storage at the upper boundary
The first results concern the BB tracer test. Figure 2 A shows the geological description of the pit
profile. Soil at the surface covers a heterogeneous limestone that includes a variety of facies from
muddy to coarse facies. This strong heterogeneity controls the hydraulic properties of the vadose
zone.
The areas shaded in blue in Figure 2 illustrate the water dispersion in the limestone. Close to the
surface the tracer was injected in the 6 different facies. The spatial distribution of the tracer (at t= 66
hours) is shown on the scatterplot (Figure 2B) with the highest density of BB located 15 cm below the
surface. The deepest molecules are found at a depth of about 60 cm.
Close to the surface, the tracer is forced into the facies located at the surface. The time taken by the
BB to move through these facies depends on their thickness and hydraulic properties. The BB
infiltration front was found to differ between the right part dominated by the fine ochre limestone facies
(number 1 in Figure 2) and the left one dominated by fine white limestone. Retention is caused by
injection of the tracer in poorly permeable facies. .
Once the tracer is moving from the injection surface, it tends to bypass the less permeable facies. This
process is highlighted by number 2 in Figure 2. Flow takes place in the highly permeable facies.

Figure 2: A/ Geological description of the vadose zone and BB tracer dispersion (in blue) 66
hours after the pulse and B/ dispersion of the tracer with depth
2.2 Theoretical relation between tailing and boundary conditions
To test the impact of the boundary conditions, and to include the retention observed in the vicinity of
the surface in the RTD model, 4 boundary conditions were applied to the analytic solution of the onedimensional advection-dispersion equation for a homogeneous medium. The tracer breakthrough
curves presented in Figure 3 were normalized, and the axes are dimensionless. The breakthrough
curves following a Dirac boundary condition were considered to be the RTD without tailing. A pulse
input creates a small tailing that has the same duration as the pulse itself. The tailing becomes
significant when an exponential or a power law is used to describe the time evolution of the boundary
condition. The tailing can reach twice the average residence time in the reservoir. The use of the
power law as a boundary condition makes it possible to simulate the longest retention time at the
boundary and seems more appropriate to describe our problem.
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Figure 3: Effect of the upper boundary condition on tracer breakthrough curves.

1.1 Confrontation between model and field observations
Parameter optimization was performed to fit the theoretical RTD to the RTD observed with the bromide
tracer. When the tracer was injected only in the fine white limestone facies, the tracer breakthrough
curve was properly described by a pulse input boundary condition, as shown in Figure 4A with a
-7
-3
velocity about 5.9 10 m/s and a dispersivity about 6.10 m. When the geology above the restitution
point was composed of two or more facies, tailing was observed in the tracer breakthrough curve
(Figure 4B). In our case study, the duration of the tailing cannot be described by an exponential
decrease. Only a power law can describe the observed tailing of the tracer breakthrough. A value of
C0 = 5g/L for a duration a= 20 min followed by a power coefficient of about -0.7 (Figure 3) were found
to fit the observed breakthrough curve. The fact of having a power-law RTD is consistent with the
heterogeneity of BB transport highlighted in the previous experiment. The optimized velocity and
-7
-3
dispersivity (respectively 5.9 10 m/s and 3.10 m) are in the same order of magnitude compared to
Figure 4A.
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Figure 4: Observed Bromide tracer breakthrough curve and theoretical curve with 1) a 20 min
pulse for a breakthrough curve V3B and 2) a 20 min pulse followed by a power law to describe
the upper boundary condition at the W1B outlet

2. DISCUSSION AND CONCLUSION
Breakthrough tailing was found in the residence time distribution of solute in a vadose zone
context. The tailing appears to be controlled by the properties of the interface at the surface vadose
zone. Similar results where the interface properties influenced the migration of contaminants
towards the groundwater were described between a lake and an alluvial aquifer (Binet et al., 2014).
The results presented here suggest that the RTD of solutes follows the same dynamic as the RTD
of surface water, where many power-law distributions were found. The power law distribution
accurately described the observed RTD of groundwater. When the interface is covered by a poorly
permeable facies, a power law is needed to fit the field observations. This implies that the rock will
retain a long chemical memory of past inputs (Kirchner et al., 2000), about two or three times
longer than the average residence time.
The storage in the top of the vadose zone is a potential controlling factor of the aquifer RTD. This is
consistent with the observations made in rivers which suggest that the bedform drives the
exchange between surface water and groundwater (Cardenas, 2008). Here, the properties of the
vadose zone upper appears to be the driver.
These initial results suggest that the contaminants are mainly stored in the upper part of the
vadose zone of the Beauce limestone. This observation is in accordance with the hydrochemical
stratification with depth found in the vadose zone of the Beauce Limestone (Schnebelen et al.,
1999). The observed retention can be considered as a delayed injection in the permeable vadose
zone volume. After some time, the stored contaminant finds a preferential flow in the more
permeable volumes, and the transport can be described with a classical advective-dispersive law,
bypassing the less permeable volume located in depth.
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